This review focuses on the role of changes in the contractile proteins actin and myosin in age-related deterioration of skeletal muscle function. Functional and structural changes in contractile proteins have been determined indirectly from specific force and unloaded shortening velocity of permeabilized muscle fibers, and were detected directly from site-directed spectroscopy in muscle fibers and from biochemical analysis of purified actin and myosin. Contractile proteins from aged and young muscle differ in (a) myosin and actomyosin ATPase activities, (b) structural states of myosin in contracting muscle, (c) the state of oxidative modifications. The extent of age-related physiological and molecular changes is dependent on the studied animal, the animal's age, and the type of muscle. Therefore, understanding the aging process requires systematic, multidisciplinary studies on physiological, biochemical, structural, and chemical changes in specific muscles.
Introduction
Aging is associated with a progressive loss of muscle mass, slowing of muscle movement, and decline in muscle strength. The mechanisms of age-related deterioration of contractility involve multiple factors associated with changes in the process of muscle excitation, regulation, and molecular interactions. This review is focused on age-related changes in the interaction between the contractile proteins actin and myosin.
Age-related changes in the contractility of permeabilized muscle
Physiological studies have detected age-related deterioration of muscle contractility in both intact and permeabi-0531-5565/$ -see front matter Ó 2007 Elsevier Inc. All rights reserved. doi:10.1016/j.exger. 2007 . 06 . 015 lized muscle; the latter, which lacks the membrane-bound excitation-contraction coupling system and soluble proteins involved in energy metabolism, offers more direct information on contractile proteins. Studies on permeabilized muscle from several strains of rats (Fischer 344 Brown Norway F1 Hybrid, Wistar and Fischer 344) showed that the two principal contractile parameters, specific force (P 0 , force divided by cross-sectional area) and unloaded shortening velocity (V 0 ), generally decrease progressively with the animal's age. Examples of results, provided in Table 1 , show that the extent of changes is variable, depending on the muscle and age of animals. Age-related decline in contractility was systematically observed in soleus and semimembranosus muscle from rats and vastus lateralis muscle from aging human volunteers, but no significant age-related changes were reported for EDL muscle of several strains of rats. Age-related changes in EDL could occur at a much slower rate than in other muscles, but this possibility remains to be tested in studies using much older animals.
Observed age-related decline of contractility in permeabilized muscle indicates age-related changes in the interaction between muscle actin and/or myosin, which make 18-22% (actin) and 43-50% (myosin) of its total protein content (Yates and Greaser, 1983; Ingalls et al., 1998) . However, since the interaction between actin and myosin in the muscle filament lattice also depends on other structural and regulatory proteins, a more direct assessment of this conclusion requires specific measurements of biochemical and structural properties of actin and myosin from young and aged muscle.
Brief review of muscle structure and molecular basis of contractility
The basic contractile unit of muscle, the myofibril, consists of a linear array of sarcomeres, and each sarcomere contains interdigitating thick and thin filaments. The main components of the thick filament are myosin molecules aggregated vial their ''tail'' regions into a bipolar filament. The catalytic and force-generating function of myosin is located in its ''head'' region, which contains the catalytic domain (with sites for ATP hydrolysis and interaction with actin), and the light chain (LC) domain, which contains the essential (ELC) and regulatory (RLC) light chains. The main component of the thin filaments is a helical polymer of globular actin monomers, which contain specific sites of interaction with myosin. (Fig. 1) .
Interaction of the myosin head with actin in the presence of ATP (Fig. 2 ) results in sliding of thin filaments past thick filaments toward the center of the sarcomere, contracting the sarcomere. The biochemical steps of ATP hydrolysis during this cyclic interaction of actin with myosin are accompanied by a sequence of structural transitions in both proteins. In the absence of ATP and/or the presence of ADP, the myosin head forms a strong and well-ordered complex with actin. Binding of ATP to myosin produces a weaker complex where the catalytic domain (blue) and light chain domain of myosin (green) are disordered. The release of phosphate (P i ) from myosin causes a structural transition in the catalytic and light chain binding domains, generates force, and initiates a new cycle Prochniewicz et al., 2004) . Force can decline if the system spends too much time in the weak-binding states, or the strong-binding states are weakened. Velocity can decline if the system spends too much time in the strongbinding states. Thus, age-related structural or chemical changes in actin and myosin that affect actomyosin ATPase activity by affecting the weak-to-strong actomyosin transition are likely to change muscle function.
Age-related changes in actomyosin ATPase activity
Measurements of muscle ATPase activity is often performed on myofibrils (minced muscle fibers), which preserve the organization and interaction between actin and myosin in the muscle, while their uniform suspension enables quantitative determination of the protein concentration and specific enzymatic (ATPase) activity. Numerous biochemical studies established that myofibrillar ATPase activity at high (0.6 M) salt concentration is quite sensitive to post-translational changes in myosin, particularly the covalent modification of specific cysteines and lysines, depending on the principal cation present (Ca ++ or K + ) and on the affected sites and modifying reagents (Takashi et al., 1976; Reisler, 1982; Crowder and Cooke, 1984; Bertrand et al., 1995; Bobkov et al., 1997; Ajtai et al., 1999; Bobkova et al., 1999) . This property of highsalt ATPase activities of myofibrils and myosin from muscle of various strains of rats was used to assess age-related molecular changes in myosin ( Table 2) .
Observed changes in the ATPase activities provided strong indication of age-related post-translational modifications of myosin, but did not provide sufficient information to determine the sites or nature of modification, nor to predict the functional consequences.
Further progress in understanding the molecular basis of age-related deterioration of muscle contractility requires ATPase measurements made under more physiological conditions (i.e., less than 0.3 M ionic strength, in the presence MgCl 2 ) in myofibrils or in purified actin and myosin, which are directly associated with the V 0 of muscle (Barany, 1967; Marston and Taylor, 1980) . Despite their critical importance, published studies on age-related changes in myofibrillar or actomyosin ATPase activity under activating conditions are very limited. Early studies showed a gradual age-related decrease in the ATPase activity of actomyosin from mixed rat muscle, which was interpreted in terms of changes in the molecular properties of myosin, but no contractility data were reported in this study (Kaldor and Min, 1975) . The only muscle in which both contractility and ATPase activity were measured under activating conditions, as a function of age, is semimembranosus muscle of Fischer 344 Brown Norway rats. Under isometric conditions, simultaneous measurement of force and ATPase activity in single fibers of aged (32-37 months) and young (8-12 months) rats showed that aged fibers generated 20 lower maximum force without changes in the ATPase activity (Lowe et al., 2002) . This result indicated a decrease in the energetic efficiency, a partial uncoupling between ATPase activity and force generation, during isometric contraction in aged muscle. Under unloaded shortening conditions in the same muscle, the same group reported that aging to 32-38 months resulted in a 16% decrease in the myofibrillar ATPase activity and a similar decrease in the shortening velocity (Lowe et al., 2004a) . At its time, this report provided the most direct and detailed evidence that changing actin-myosin interactions contribute to age-related inhibition of contractility.
This conclusion obtained more direct and detailed support from biochemical experiments performed on actin and myosin isolated from the hamstring muscle of young (4-12 months) and aged (27-35 months) Fischer 344 rats (Prochniewicz et al., 2005) . These studies determined two key parameters of the actomyosin ATPase, V max (activity extrapolated to infinite actin concentration) and K m (the concentration of actin at half V max ) by performing measurements on the complex of actin and the catalytically active fragment of myosin, heavy meromyosin (HMM). The observed 21% decrease in V max and a 24% decrease in K m of actin-activated HMM ATPase (Prochniewicz et al., 2005) (Fig. 3) provided the most direct support for the role of changes in the contractile proteins in the deterioration of muscle function. Mixing of actin and myosin from young and old muscle in four combinations showed that the age-related decrease in V max was primarily due to changes in myosin. This decrease in V max suggested age-related alterations in the structural states of myosin that affect the transitions from weak to strong interactions, such as disorder-to-order transitions in the catalytic and light-chain domains or changes in the internal structure of the catalytic domain ( Fig. 2) . However, the age-related decrease in K m was due to changes in both proteins, as actin from young muscle attenuated the age-related decrease in K m for myosin from old muscle. The changes in K m are related to changes in the equilibria between actin and myosin-nucleotide complexes at the final stages of the cycle (Fig. 2) . This provided the first evidence that changes in actin, together with changes in myosin, are involved in the molecular mechanism of age-related deterioration of muscle contractility.
Age-related changes in the functional properties of myosin and actin: in vitro motility
The contractile properties of purified actin and myosin can be directly studied using the in vitro motility assay, a novel method for analyzing the interaction of actin and myosin at the single-molecule level. In this assay, isolated myosin molecules are immobilized on the glass surface, fluorescent actin filaments are added, and sliding movement of these filaments, initiated by addition of ATP, is directly observed under an optical microscope (Fig. 4) . The in vitro motility assay performed on myosin from the human vastus lateralis muscle showed that the observed decrease of sliding speed of actin on myosin from aged muscle was comparable to the age-related decrease in the unloaded fiber shortening velocity V 0 (D'Antona et al., 2003) , directly supporting the role of molecular changes in myosin in age-related deterioration of this muscle's contractility. On the other hand, the 12-25% decrease of actin sliding speed on myosin isolated from aged soleus muscle (Wistar rats, C57B1/6 mice, and humans) (Hook et al., 1999 ) was much less pronounced than the 47% decrease in V 0 , previously determined by the same laboratory for rat soleus muscle (Li and Larsson, 1996) . It was suggested that larger effects on fiber contractility than on the sliding velocity of actin filament in the in vitro motility reflect age-related changes in myosin as well as in the structural and thin filament proteins of muscle (Hook et al., 1999 .
The quantitative differences between age-related changes in the enzymatic and contractile function of the soleus muscle could also result from the complex mechanism of mechanochemical coupling in the actomyosin interaction. For example, the fractional decrease in contractility of rabbit muscle due to specific chemical modification of myosin is less than the fraction of inactivated myosin (Crowder and Cooke, 1984; Root et al., 1991) . Conversely, inhibition of muscle contraction by inorganic phosphate decreases muscle force without change the fraction of strong-binding myosin heads (Baker et al., 1999) . This suggests a partial uncoupling between enzymatic and mechanical function of myosin (Murphy et al., 2001) , and/or cooperative interactions within the filament lattice (Root et al., 1991; Baker et al., 1999; Baker and Thomas, 2000) .
Age-related changes in muscle protein structure
Our laboratories initiated studies of the structural basis of age-related changes in muscle contractility by electron paramagnetic resonance (EPR). EPR is a high-resolution spectroscopic method which, in combination with site-specific spin labeling of Cys 707 of myosin in permeabilized muscle fibers, detects changes in the structure of myosin associated with relaxation and isometric contraction of psoas muscle fibers . In particular, this technique can be used to determine quantitatively the fraction of myosin molecules in the weak-and strong-binding structural states Baker et al., 1999) (Fig. 2) . EPR studies on the semimembranosus muscle from Fischer 344 Brown Norway F1 Hybrid rats and Fischer 344 rats showed that the age-related 24-27% decrease in the specific tension is associated with a 24-30% decrease in the fraction of myosin heads in the strong-binding, force-generating structural state ( Fig. 2) (Lowe et al., , 2004a Thompson et al., 2001; Zhong et al., 2006) . This change in the distribution of structural states of myosin in aged muscle shows that molecular changes in myosin affect contractility by affecting not only biochemical (Prochniewicz et al., 2005) but also structural transitions in the actomyosin ATPase cycle. This approach has also proven effective in exploring other causes of muscle degeneration, such as inactivity (Zhong et al., 2006) and muscular dystrophy . Weak-to-strong structural transitions within actin also affect muscle function (Prochniewicz and Thomas, 2001; Thomas et al., 2002; Prochniewicz et al., 2004) , but this has not yet been explored as a function of aging.
Age-related oxidative modifications of actin and myosin
The hypothesis that age-related deterioration of muscle function involves oxidative modification of muscle proteins by reactive oxygen and nitrogen (ROS and NOS) species (Stadtman and Berlett, 1997) was suggested by a series of in vitro studies, showing that ROS and NOS such as peroxynitrite, hydroxyl radicals, H 2 O 2 , and nitric oxide inhibit force and induce changes in the Ca-sensitivity of intact and permeabilized muscle (Syrovy and Hodny, 1992; Andrade et al., 1998; Plant et al., 2000; Callahan et al., 2001; Lamb and Posterino, 2003; Oh-Ishi et al., 2003; Mosoni et al., 2004) . Studies on in vivo oxidative modifications of actin and myosin focused on few selected markers, such as carbonylation, nitration, formation of HNE (4-hydroxy-2-nonenal) adducts, oxidation of cysteines and glycation. Age-related accumulation of carbonyls was detected in myosin from gastrocnemius muscle of Otsuka Long-Evans Tokushima Fatty rats (Oh-Ishi et al., 2003) . However, studies on gastrocnemius, EDL, and soleus muscles from male Wistar rats, as well as gastrocnemius muscle of FF344/DuCrj male rats, did not detect any age-dependent increase of total protein carbonyl content (Radak et al., 2002; Mosoni et al., 2004) . Thus it appears that carbonylation is animal-specific, and that age-related deterio- Fig. 4 . Schematic of the in vitro motility assay and a microscopic view of sliding actin filaments.
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ration of contractility is sometimes associated with modification other than carbonylation. It has also been suggested that skeletal muscle has a very efficient system of removal of oxidized contractile proteins to allow uninterrupted muscle function, although the side effects of this system could be loss of muscle mass, contributing to sarcopenia (Mosoni et al., 2004) .
Recent studies on the semimembranosus muscle of Fisher 344 rats detected 3-nitrotyrosine and HNE-adducts in actin and in myosin heavy chain, but in both cases the level of modification was similar in young and old muscle. Thus, these modifications are unlikely to explain previously described age-related inhibitory changes in this muscle's contractility and actomyosin interactions Prochniewicz et al., 2005; Zhong et al., 2006) .
Studies on purified proteins have been more successful. Age-related decrease in cysteine content was detected in myosin from Wistar rats (Srivastava and Kanungo, 1982) , from rats of an unspecified strain (Kaldor and Min, 1975) , and from semimembranosus muscle of Fischer 344 rats (Prochniewicz et al., 2005) , but cysteine content of actin was unaffected by age (Prochniewicz et al., 2005) . The implication of this finding for muscle contractility depends on the still unknown localization of oxidized sites. Oxidation of one or two reactive myosin cysteines (Cys 707 and Cys 696) could result in significant deterioration of muscle contractility (Crowder and Cooke, 1984; Bobkov et al., 1997) , but myosin contains about 40 cysteines, and the functional role of the majority is not known.
Another possible explanation of age-related inhibitory effects on myosin is glycation, which has been detected in the skeletal muscle of aged rats (Syrovy and Hodny, 1992) . In vitro studies on myosin purified from the soleus muscle of young rats showed that glycation of myosin decreases actin motility (Ramamurthy et al., 2001 ) and also decreases K + -activated and actin-activated ATPase activities (Avigad et al., 1996) . It has been proposed that the mechanism of this functional loss is modification of lysine-rich nucleotide-and actin-binding regions of myosin (Ramamurthy et al., 2001) .
Age-related oxidative modifications of myosin, probably facilitated by a decrease in muscle protein turnover (Balagopal et al., 1997) , provide limited support for oxidative stress as an explanation of age-related deterioration of muscle function. However, conclusive results require determination of the extent and location of oxidized sites, with parallel assessment of functional interactions of myosin.
Age-related changes in the expression levels of actin and myosin
Skeletal muscle myosin is a hexamer composed of two heavy chains (MHC) containing regions involved in enzymatic and actin-binding functions of myosin, two regulatory light chains (MLC2) and two essential light chains (MLC1 and MLC3), which are implicated in calcium regulation of fiber V 0 (Sweeney et al., 1988) , the extent of actinactivated ATPase, and the speed of actin filament sliding in the in vitro motility assay (Wagner et al., 1979; Lowey et al., 1993; Timson, 2003) . These properties of myosin subunits have inspired studies on age-related changes in the composition and content of MHC and MLC isoforms. Detailed physiological experiments combined with SDS-PAGE analysis of isoform composition of single fibers detected age-related shifts in isoforms that were muscleand fiber-dependent, but these results could not explain changes in muscle contractility (Sugiura et al., 1992; Li and Larsson, 1996; Degens et al., 1998; Thompson and Brown, 1999; Lowe et al., 2001 Lowe et al., , 2004a D'Antona et al., 2003) . Later studies focused on total MHC and actin content, reporting detected age-related decrease in the MHC but not actin content in the semimembranosus muscle of Fischer 344 rat , but no agerelated changes in C57BL mouse soleus and EDL muscle (Moran et al., 2005) . Age-related changes of myosin concentration were also indicated as a major determinant of changes in P 0 of human vastus lateralis muscle (D'Antona et al., 2003) . On the other hand, myosin content was unaffected by age in rat soleus muscle , providing further indication of species-and muscle-specific molecular changes in contractile proteins.
Recent progress in mass spectrometry, in combination with two-dimensional gel electrophoresis, has made possible analysis of the age-related changes in the whole muscle proteome. The analysis detected age-related changes in expression of 78 proteins from gastrocnemius muscle of LOU/c/jall rats (7-30 mo) , which included lower expression levels for all three myosin light chains, a-actin, and cardiac actin. MHC was not detectable by this technology (Piec et al., 2005) . The analysis of proteome from human vastus lateralis muscle detected 52 proteins differently expressed in young and aged subjects, and changes in contractile proteins included down-regulation of MHC-type 1, up-regulation of a-actin, and down-regulation of MLC2 (Gelfi et al., 2006) . The comparison of results for different muscles shows that changes in the expression levels of contractile proteins are muscle specific. The main consequence of changes in expression levels of contractile proteins is a change in the stoichiometry, which could provide one of the explanations of age-related changes in contractile function.
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. Ca-regulation of interaction between actin and myosin in aging skeletal muscle Ca-regulation of actin-myosin interaction in skeletal muscle occurs via troponin and tropomyosin, and one of the possible consequences of age-related changes in these proteins will be change in Ca-regulation of muscle contractility. This possibility was tested in the semimembranosus muscle of rat, but 30% age-related decrease in force was not accompanied by significant changes in its Ca-sensitivity (Lowe et al., 2002) . On the other hand, proteomic studies on gastrocnemius and vastus lateralis muscle of rat and human, respectively, detected age-related changes in the expression levels of troponin T and of a-tropomyosin, but these muscle were not assessed for age-related changes in Ca-sensitivity of contraction (Piec et al., 2005; Gelfi et al., 2006) . Thus, the question of the role of age-related changes in troponin and tropomyosin in contractility of skeletal muscle requires further studies.
Summary and perspective
Physiological studies have detected age-related deterioration of contractility of permeabilized muscle fibers, dependent on the animal, age, and muscle. Structural analysis, using site-directed spin labeling, indicates directly that structural changes in myosin occur with aging. Biochemical and structural studies on myofibrils and isolated actin and myosin have reported age-related, muscle-specific molecular changes in myosin and actin, which are most likely due to oxidative modifications. These qualitative changes are sometimes accompanied by muscle-specific changes in the stoichiometry of contractile proteins. In view of the muscle-specificity of age-related changes, understanding of the molecular basis of physiological changes requires a multidisciplinary experimental approach, in which a specific muscle is studied using a wide range of physiological, biochemical, structural, and chemical techniques.
